Zanamivir has been indicated to provide activity against influenza viruses\[[@ref1]--[@ref3]\]. Each year, influenza viruses continue to cause major health problems and economic loss worldwide\[[@ref3][@ref4]\]. Especially, A(H1N1) and H5N1 influenza viruses lead to an unacceptable number of deaths and serious concerns about global flu pandemics\[[@ref1][@ref5]--[@ref7]\]. Influenza viruses carry two surface glycoproteins, a hemagglutinin and a neuraminidase, which are involved in the production processes for new virions\[[@ref8]\]. Hemagglutinin binds to the cell surface by recognizing the cellular sialic acid receptor\[[@ref9]\] Neuraminidase cleaves the terminal sialic acid residues and releases progeny virus from the surface of infected cell\[[@ref10]\].

The World Health Organization (WHO) recommends two neuraminidase inhibitors, oseltamivir (Tamiflu^®^) and zanamivir, for the treatment of A(H1N1) and H5N1 flu. Zanamivir has been reported to have activity against oseltamivir-resistant H1N1 and the H5N1 influenza viruses\[[@ref7][@ref11][@ref12]\]. Unlike oseltamivir, zanamivir can not be orally administered due to its poor oral bioavailability (\~2%)\[[@ref8][@ref13][@ref14]\]. A study revealed that a median of 10 to 20% of an inhaled administration of zanamivir was systemically absorbed leading to low serum concentration\[[@ref14]\]. Therefore, zanamivir has been launched to the market only in a dry powder form for inhalation\[[@ref8][@ref13]\].

To date, no study reports on the mechanism of zanamivir absorption via human gastrointestinal tract or a satisfactory explanation of the factors causing low bioavailability have been undertaken or published. An understanding of the mechanism of absorption would be a remarkable milestone in the development of a formulation, which could improve oral bioavailability of zanamivir. The Caco-2 cell culture model is commonly employed to study mechanisms of drug absorption *in vitro*\[[@ref15]--[@ref17]\]. The aim of this study was the evaluation of zanamivir transport across Caco-2 model using a validated HPLC method.

MATERIALS AND METHODS {#sec1-1}
=====================

HPLC grade acetonitrile for the mobile phase used in this study was purchased from Mallinckrodt Chemicals (USA). Ultrapure water was obtained with UHQ Ultrapure Water from ELGA (UK). Hank\'s balance salt solution was from Sigma-Aldrich (Germany). N-acetyl neuraminic acid was purchased from R and S PharmChem Co., Ltd. (China). Dulbecco\'s modified Eagle\'s medium, fetal bovine serum and L-glutamine were received from Hyclone (USA). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide were from Sigma-Aldrich (Germany). Oseltamivir phosphate was a gift from The Government Pharmaceutical Organization (Thailand). Oseltamivir carboxylate (OC) was obtained by the hydrolysis of oseltamivir phosphate. Zanamivir was synthesized by using modified method of Chandler and co-workers\[[@ref18]\].

HPLC conditions: {#sec2-1}
----------------

The Waters HPLC system (model Alliance 2695) consisted of a pump and autosampler, connecting with a UV Detector (model Waters 2996). The Empower QuickStart 2514 for data processing was used. The chromatographic resolution was carried out using a BDS Hypersil Cyano column (length 250 mm; internal diameter 4.6 mm; particle size 5 μm), and with UV detection at 230 nm. The guard column was the same material as the analytical column. The temperature of column was around 25°. The mobile phase was composed of 98% ultrapure water and 2% acetonitrile (v/v) with a flow rate of 0.5 ml/ min. Each sample was injected with the volume of 10 μl. A 10 mg/ml stock zanamivir solution was prepared in ultrapure water. Standard zanamivir solutions in Hank\'s balance salt solution (HBSS) at a concentration range of 0.1-10 μg/ml were obtained by serial dilutions. The internal standard (IS), OC at concentration of 2 μg/ml, was added into each working solution.

Validation: {#sec2-2}
-----------

The parameters validated for the method development were sensitivity, linearity, accuracy, precision and stability. The linearity of the standard curve was analyzed in a concentration range 0.1-10 μg/ml. The existence of the broad calibration range was necessary for the type of pharmacokinetic assay intended to undertaken. The calibration curve was evaluated by peak area ratios of zanamivir to OC (IS) against zanamivir concentrations. The calibration curve was carried out in six replicates per concentration.

Three concentrations of each validation range with low, intermediate and high concentrations were evaluated. Six determinations at each concentration were analyzed. The calculated concentrations from the calibration curve were served as the experimental concentration (C~ex~). To check recovery, the C~ex~ and theoretical concentration (C~th~) were calculated and expressed as a percentage (C~ex~/C~th~)×100. The within- and between-day precisions were performed by analyzing on the same day and six different days. Each concentration was carried out in six replicates.

The effects of freeze/thaw cycle on the stability of zanamivir were evaluated at low, medium and high concentrations. The tests were conducted at -20° as the freezing temperature and room temperature as thawing temperature and the samples were determined after three freeze-thaw cycles. The short-term temperature stability was performed by thawing aliquots of low, medium and high concentrations at room temperature and kept at this temperature for 36 h before analyzing. Six replicates were determined for each concentration.

Permeability and cytotoxicity study: {#sec2-3}
------------------------------------

Caco-2 cells (passage: 45-53) were grown in vent capped 75 cm^2^ tissue culture flasks at 37° in a humidified atmosphere of 5% CO~2~. The culture medium composed of Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal bovine serum and 1% L-glutamine. Caco-2 cells were seeded at a density of 220,000 cells/cm^2^ onto 12-well Transwell^®^ plate with an polycarbonate membrane insert at pore size of 3.0 μm. Cells were fed every other day and maintained at 37° and 5% CO~2~ humidified atmosphere for 21 days. The transepithelial electrical resistance (TEER) values for the integrity of the cell monolayer were measured using a Millicell-ERS volt/ohmmeter (Millipore Corp., Bedford, MA).

The cytotoxicity of zanamivir solutions at concentrations of 300 and 400 μg/ml was performed by the 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay\[[@ref19]\]. Caco-2 cells were seeded onto a 96 well plate at a density of 1×10^4^ cell/well in 100 μl medium for 24 h in the incubator at 37° and 5% CO~2~. After 24 h incubation, growth medium in each well was replaced with fresh medium containing zanamivir solutions at final concentrations of 300 and 400 μg/ml. The plate was incubated for another 3 h. The zanamivir solutions were replaced with 100 μl MTT (0.5 mg/ml in HBSS, pH 7.4) and incubated for another 4 h at 37°. Subsequently, the MTT medium was removed and the formazan crystals dissolved in DMSO, gentle shaking for 10 min to achieve complete dissolution. The optical density (OD) was measured at 540 nm. Six replicates of each test sample were performed. Every test included a control well containing complete culture medium with cells and a blank containing complete medium without cells.

Before performing the transport studies, Caco-2 cells were washed twice with warm HBSS. After the wash, the plates were pre-incubated at 37° for 45 min. After the wash, the TEER values were measured and the inserts with TEER values above 600 ohm. cm^2^ were used in the studies. Zanamivir solutions at concentrations of 300 and 400 μg/ml were employed in the study. HBSS was replaced with 0.5 and 1.5 ml of zanamivir solutions either into the apical or into the basolateral compartment with respect to the cell layer to study transport from apical to basolateral (AP-BL) and bi-directional transport from basolateral to apical (BL-AP) side, respectively. The cells were then incubated at 37° and 5% CO~2~. At 30, 60, 90, 120 and 180 min time points, HBSS in the acceptor chambers was collected for analysis and replaced with equal volume of fresh warm HBSS. A fluorescent marker, lucifer yellow, was employed as a paracellular maker for checking the integrity of Caco-2 cell junction during the transport study. The apparent permeability coefficient, *P*~app~ (cm/sec), was calculated using the following equation: *P*~app~ = (∆Q/∆t)×(1/A×1/C~donor~), Where, DQ/Dt is the permeability rate (ng/s), A is the insert area of the transwell (cm^2^), C~donor~ is the initial drug concentration added to the donor chamber (ng/ml).

RESULTS AND DISCUSSION {#sec1-2}
======================

The reversed phase C18, C8 and C4 columns were initially employed in this study; however, components present in the HBSS co-eluted with zanamivir. The BDS Cyano column could solve these interference problems. By using the developed HPLC system, zanamivir and OC were eluted at 6.69 and 9.32 min, respectively ([fig. 1](#F1){ref-type="fig"}). The standard curve of zanamivir solutions at a concentration range from 0.1-10 μg/ ml gave the coefficient of determination higher than 0.999 ([fig. 2](#F2){ref-type="fig"}) indicating that the equation for the quantification of zanamivir concentration in HBSS was defined. The lower limit of quantification for the method was 0.1 μg/ml. The recovery of zanamivir at concentration of 0.1, 5 and 10 μg/ml was in the range of 99.76-105.08% ([Table 1](#T1){ref-type="table"}). The accuracy of the results proved that the mean test results were close to the true concentrations of analyte.

![Overlay HPLC chromatograms of (a) zanamivir and OC spiked in HBSS and (b) HBSS\
(a) The separation of zanamivir and OC in HBSS using a BDS Hypersil Cyano column (length 250 mm; internal diameter 4.6 mm; particle size 5 μm). The termperature of column was in the range of 25°C. The mobile phase was composed of 98% ultrapure water and 2% acetonitrile (v/v) with a flow rate of 0.5 ml/min. Zanamivir and OC were detected at 230 nm. (b) The chromatogram of eluting peaks of HBSS under identical experimental conditions.](IJPhS-73-564-g001){#F1}

![Calibration graph of zanamivir The peak area ratios of zanamivir to OC were plotted against zanamivir concentrations from 0.1-10 μg/ml. Each concentration point was mean±SD of six replicates. y = 1.7183x-0.0133, R^2^ = 0.9995](IJPhS-73-564-g002){#F2}

###### 

ACCURACY OF ZANAMIVIR DETERMINATION IN HBSS

![](IJPhS-73-564-g003)

The values of relative standard deviation (RSD) for within-day precision were between 5.32-10.32%, while those for between-day precision were lower than 14.33% ([Table 2](#T2){ref-type="table"}). The recovery of zanamivir at concentrations of 0.1, 5 and 10 μg/ml was in the range between 97.43 and 102.14% after three freeze-thaw cycles ([Table 3](#T3){ref-type="table"}). The short-term temperature stability for 36 h at room temperature was based on the duration that samples were maintained for the intended study. The recovery of the short-term temperature stability at concentrations of 0.1, 5 and 10 μg/ml was 95.65, 102.73 and 101.02%, respectively ([Table 3](#T3){ref-type="table"}). The results of stability test demonstrated that zanamivir was stable and no degradation of the drug was found due to the freeze-thaw process and zanamivir was stable in HBSS at room temperature for at least 36 h.
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WITHIN-DAY AND BETWEEN-DAY VARIATION OF ZANAMIVIR DETERMINATION
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FREEZE-THAW STABILITY AND SHORT-TERM TEMPERATURE STABILITY OF ZANAMIVIR DETERMINATION

![](IJPhS-73-564-g005)

The passage of the Lucifer yellow was found to be lower than 0.5% per hour confirming the well differentiated tight junctions of the monolayers. Zanamivir at the concentrations of 300 and 400 μg/ ml had no significant cytotoxicity to Caco-2 cells compared to the control wells (*P*\>0.05, two-tailed test, Student\'s *t*-test). The TEER values for all conducted experiments were in the range between 702 and 856 ohm.cm^2^. The Lucifer yellow passage, a passive paracellular maker, was between 0.17-0.40% per hour. Using zanamivir concentrations of 300 and 400 μg/ml, the ratio of *P*~app~ of AP-BL to BL-AP at each concentration was 0.94 and 0.97, respectively ([fig. 3](#F3){ref-type="fig"}). There was no significant difference in the *P*~app~ values of zanamivir at two different concentrations for both AP-BL and BL-AP directions (*P*\>0.05, two-tailed test, Student\'s *t*-test), ([fig. 3](#F3){ref-type="fig"}). The ratio of *P*~app~ of AP-BL to BL-AP closing to 1 indicated the transport direction had no effect on the permeability of zanamivir. Based on the results obtained and the similarity in the *P*~app~ values of zanamivir at two different concentrations for both AP-BL and BL-AP directions, it is likely that passive transport is involved in the permeability of zanamivir across the Caco-2 monolayers. To elucidate further the type of passive pathways (paracellular or transcellular), the permeability of zanamivir was performed in the HBSS omitting calcium. The *P*~app~ values of zanamivir increased 56.21 and 57.20 fold in AP-BL and BL-AP directions, respectively ([Table 4](#T4){ref-type="table"}). The *P*~app~ values of zanamivir in both AP-BL and BL-AP directions with the absence of calcium in the transport medium increased because the tight junctions between Caco-2 cells tend to open, and therefore enhancing the permeability of paracellularly transported compounds. The results suggested that zanamivir was predominantly transported across Caco-2 monolayers by passive diffusion via the paracellular pathway. The paracellular permeability in the GI tract primarily applies to compounds that have a molecular weight (MW) less than 180 Da\[[@ref20]\]. Hence, the paracellular transport of zanamivir (MW\~ 332) is limited due to the factor of its molecular size and this is one of the possible reasons causing low oral bioavailability of zanamivir. A simple and reliable HPLC method was developed and validated to study the mechanism of zanamivir absorption using Caco-2 cell model. Based on the permeability studies, zanamivir was extensively transported across Caco-2 monolayers via passive paracellular route. The findings of this investigation are helpful for the further study on the formulation development of zanamivir to increase its oral bioavailability.

![Concentration dependent permeability of zanamivir at different concentrations\
![](IJPhS-73-564-g006.jpg) AP-BL; ![](IJPhS-73-564-g007.jpg) BL-AP\
The apparent permeability of zanamivir at two different concentrations (300 and 400 μg/ml) across Caco-2 monolayers from apical to basolateral chamber and bi-directional transport from basolateral to apical compartment. The values reported were carried out in triplicate.](IJPhS-73-564-g008){#F3}
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PERMEABILITY OF ZANAMIVIR AT CONCENTRATION ACROSS CACO-2 MONOLAYERS UNDER DIFFERENT TRANSPORT CONDITIONS
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